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ABSTRACT
The philosophy, history, operation, calibration of and some analyses with
the ROAD (Rapid Orbit Analysis and Determination) program are described,
This semi-numeric trajectory program integrates and analyses mean element
variations for earth orbits with great efficiency. Through it's use, extensive
zonal, regsonant harmonic and earth tidal determinations have been made at

Goddard Space Flight Center since 1969.
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THE ROAD PROGRAM

INTRO_DUQTIQN

At Goddard Space Flight Center, _1_:he most gene;'a;l qompqtg.tiopgl systen:}'_f‘o;'_‘
Myzing long term gravii;ational and nonfgravitational effects on sa.tg]zl_itg gr_];)'its_
has been the ROAD (Rapid Orbit Analysis and Determination) program. VT}_1is: ,
program is_ug. mutlt.ilplele_‘ arc/satel}ite_orbit generator which ca,n‘_als_q es_timatg I
(from ;‘eal_gata) a w'ide.va.riety of j:he ,inﬂue;nﬁ_ial geode}tic parar_nej:e;js,, It uses
mean Kepler e_&lements as theg. usu{a.il, dafa type..

) _Ihe EQAD orbit gen_el;frator generally iqteg_ra__tgs m;.‘merica.lly, orbit—avgraggd A'
Kepler element variations det';ermined from a number of sourqgs., 4_'_I“he vgpi:ations
due to the geopotential (to 40, ‘40), are deter;:nj.t_led from the right hand side of the
Lagrange planetary equations in its standard form. Onlyf thgse ggopoi_:;antial dis-
turbances are usually integrated which have long term effects on the orbits,
pez_'mittin_.g time steps of the order of' a day or more and extremely _fgst ephem_ef
rides generation. _ DAire.ct luni-solar gxfavity agd the indire‘c_t 1uni—=sol_a; tldal ef"-..
flect_s;.‘on the gljbits are eyglugiied from a similar disturbing potential which
selec;ts only Igng p_eripd or o;."bit averaged terms fo;' integration. ) ‘Bgdiﬁat_ioq L.
pressure variations are evaluated fronr; a quasi-potential for full sunlight con~
ditions, When the orbit is partially in shadow, an orbit-averaged force is evalu~

ated by averaging the disturbance from shadow exit to shadow entrance.



Precession and nutation effects of the movement of the earth's polar axis are

accounted for by integrating in a true of epoch inertial system. All forces are
initially calculated in true of date coordinates and then rotated to true of epoch
(using a precession-nutation rotation matrix). After integration, the true of
epoch elements are then rotated back to true of date for comparison with real
data which are usually given in these (latter) coordinates.

Drag is the only perturbation not evaluated by a potential or quasi-potential.
Therefore its element variations are not evaluated from the right hand side of
the standard planetary equations. Instead the gaussian form of the variation
equations are employed with the normal, circumferential and radial components
of the drag force evaluated from a one revolution J, perturbed frajectory through
a model atmosphere.

In its estimation mode, ROAD has the capability of solving for the following
arc dependent parameters: The six initial Kepler elements, an offset or bias in
the semi~major axis observations, up to 5 element rates and accelerations for
each of the initial Kepler elements, and a drag and radiation pressure coefficient
for each arc. In addition, it can solve for the following geodetic parameters,
common to all the satellite arcs observed: The earth’s gaussian gravity constant
and earth radius, geopotential harmonics to (40, 40), and earth tidal harmonics
{love numbers) and their associated lag angles to 4th degree. ROAD determines
these parameters by a Baysian least squares process using the Kepler element
data as "observables.'" The partials of these observables with respect to the
parameters are generally found by numerical integration of variation equations.
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HISTORY

The orbit generator of ROAD, and the basic idea of integrating mean or - |
slowly varying Kepler elements, originated with the (resonaunt orbit) RESORB
program developed by B. C. Douglas and G. S. Gedeon at fRW_. Inc. in 1966
[Gedeon, Doﬁglas and Palmiter, 1967]. The original purpose of this‘program
was to study thél complex evolution of déeply resonant orbits for which no
analytic theory exists. Later RE SORB, with only fixed geopotential and third
body forces, was extended to include d?ag_and beéame (in 1967) the sa.iellite
lifetime (Rapid Orbit Prediction) Program, ROPP [lWexler and Gedeon, 1967,
used extensively at Goddard Space Flight Center. Still later in 1968, ROPP
was modified at Gc;ddard Space Flight Center to give it a limited es.timation‘
capability {using secant partials) for state and geopotential recovery from long
arcs of mean Kepler elements, In addition, the effécts of radiatioﬁ pressure
wéré added, using Kaula's quasi-potential {Kaula, 1962}, to account for signifi-
cant changes in highly eccentric resonant orbits, |

The results of resonant geopotential determinations with this initial version
of the ROAD (Rapid Orbit Analysis and .Determinatio.n) progi‘am were published in

Wagner, 1969, Wagner and Douglas, 1969 and Wagner, 1970b. In 1970, the long

term rates due to the interaction of short period terms in the earth's oblateness
were added fo the ROAD integrator so that a proper analysis of the evolutionAof
close earth satellites could be made. Using this version of ROAD, preliminary

results for zonal recovery from 2 satellites were published in Wagner, Putney and




Fisher, 1970. At the same {ime a new program was written using rigorous
numerical integration of variation equations for partials and a complete Baysian
(a priori) least squares scheme for parameter estimation{Williamson, 1970,

Cuion, Lynn and Lyon, 1970 and Douglas, Dunn and Williamson, 1972] . Results -

from this new ROAD program were published in 1970 and 1972 on the determina-
tion of both resonant and zonal geopotential terms from a large number of

satellite orbits [ Wagner, 1970a, Wagner, 1972].

THE ROAD INTEGRATOR
An Adams multistep integration scheme is used to solve the first order
system of Lagrange's equations describing the satellite’s motion:

dsi
dt

= Sj_ (S? ps t)s Si (t = 0) = Si.(O)Given; 'i- = 1} 2| T 6! (I)

where the s are the satellite orbit's 6 state variables; a, semi~major axis; e, -
eccentricity; I, inclination; w, argument of perigee; N, right ascension of the
ascending node and M, the mean anomaly, and the p are geodetic parameters
describing the force model.

Geopotential Effects

The rates S, for geopotential effects are derived from the standard form

[Kaula, 1966] of (1):

da_ 2 9R
dt na 3 M




de_’(l--:ez*)' 312'_‘('1;e2)1/2 3R
dt nge OM pa?er OV
dI _ cot I 3R csc’l i LB R

€ na?(l-e?)l/2 OW  na?(l-e)l/? &N

dw _ -cot I BR+(1-e2)1/2‘8R
dt a2 (1.e2yl/2 01 na?e oe
dN csc I 2R (2)

dt_n 8:2‘(1-792)1/'2 BI’ :

am_ (- )R 2
dt 2 de na da

na“ e
where n = (« /a3)/? ; n being the satellite's mean motion and .. the earth's
gauslslia:h“;g;a\‘rify constant R is the disturbihé (ndi:t céﬁtral) pétéhﬁa.l which, for
the earth's gravitational field (fixed part as distinguished from time varying),
has been expressed by Kaula [Kaula, 1966)in terms of the above Kepler ele-

ments as:

: . £ - A = SR R o
M8,
®=) ) ) ot M o D G0 (9 B )

'E,:g m=0 p=0 g=—®

where

’{J/-m even

CcOos
__S’f’"éf?‘l,, (’ﬁ—29)w+(£-2p+q)M+m(N-6.e-;\{m),

sin ’ﬁ_m odd. 7
and a_ is the earth's equatorial radius, ¢, is the Greenwich sidereal time ,A‘ and

F Emp (I} and G,gpq (e} are polynomials depending on incliriatioh énd eébentriéity



alone, respectively. The J; and A, are the amplitudes and phase angles of the
spherical harmonics of the potential, related to the ordinary C&S coefficients

actually estimated in ROAD by

Tpo =+ (CF, 830"
mh,{',m = Tan'1 (S/Em/Clﬂm).

The standard form of R. in terms of spherical harmonics is:

a

« 4 1
R, :i;-; Z (TE) PE (sin @) {C,Em cos mA\ + 8y sinmh}, (4)

=2 m=Q

where r, ¢ and A are the satellite's distance from the centef of mass of
" the earth, geocentric latitude and longitude; and the P} are the associated
Legendre polynomials.

The efficient functioning of the ROAD program depends upon the removal of
all short periodic effects from the equations of motion. For the geopotential,
this is accomplished by integrating only those terms (f, m, p, q) for which the
argument of Sp g is slowly varying. These long period terms fall into two
classes:

For zonal harmonics (m = 0); € - 2p + g = 0, and for longitude dependent
{resonant) ha.rmbnic (m #0), £ -2p+q= m/s are the indicial equations which
must be satisfied, For the resonant case, s here is a rational number close to the

actual mean motion (n) of the satellite in revolutions per day. The so called beat



period of the resonant orbit (with respect to the s commensurability) is the
period it takes for the dominant argument of S to go through 360° when £ - 2p +
q = m/s. For near circular orbits this is generally the. term for which ¢ = 0.
This scheme is equivalent to integrating mean, or orbit averaged Kepler
elements and results in the proper interaction of all 'long-pleriqdic effects with

each other, However, interactions of short-periodic terms ({ - 2p + q # m/s, for

‘m#0andt - 2p + g #0, for m = 0) with each other and with long~-periodic
ferms are lost. But the only case where this neglect is significant are the long
periodic effects caused by the mutual interaction of the short periodic effects
due to the earth's oblateness (J 2,0)+ - When only long period terms are included,
the ROAD integrator adds the following element rates derived from the second

order oblateness potential due to Brouwer [Brouwer, 19591,

da
FRia

Q.

L

5
== 1 (2sin2w)Ln,y2 =3 /L L7
t (%)L o 16 \es o7/
f,_16H2 15H*
~ +
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:._.—_._. i \ 2 .__3_ .L_s.__];‘._l
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where the Delaunay variables are: L =(ua)"2,G=L (1 -e?)}!/? and

H=Geos;andn = u2/13, Y, = u? k2/L4,k 2 =J;(a.)2/2,and J, =~ J, 4.

(5)



+ Third Body Gravity Effects (Direct). - T L P P R

.For the 3rd body perturbations, an entirely analogous. development has been
made in Kaula 1962, and is used in ROAD. In this case, the perturbations, can be
.. 8orted.out according to frequency in much the same manner as the geopotential
-perturbations. The long periodic terms of the 3rd body disturbing function are’

the only ones presgently coded in ROAD and have. the form -

Re=f@e L e 1) cos [n-2m)w - (-2p wr(m-2h+ HW
+m (N=-N")],
where n here is the degree of the third body potential (2 <n < 4, as coded, and
where starred quantities refer to orbit elements of the disturbing body. Analogous
to the geopotential case; 0 £h <n, 0 <p s nand 0 £ m<n. Since f is proportional

to (e*) il only - 45 j s 4 is coded and can be limited further on option. A

further option is to ignore the less than monthly lunar terms where n - 2h +j # 0.

Drag Perturbations

Tne method of ‘ogornputaf-ion of Atne long-. periodic. end secnlar Va:riations of
the elements due to atmospherlc drag has undergone extensive development in
ROAD. Orlgmally, analytlc expressions simlla.r to those g;ven in Klng—Hele,
1964 were used but when these expressions were modlfied to mclude non-

lmearlty of scale helght and tlme dependence, the complexity became very great,

and separai‘.e developments for 1ow and hlgh eccentrlcltles were required -



[Wexler and Gedeon, 1967]. Starting in 1971 this method was abandoned in favor
of a simple, purely numerical scheme (B. Chovitz, personal communication)
originally including only the effects on a and e,

The integrals th_at give the average time rates-of-change of the elements due
to drag are evaluated numerically by a 9~point Gauss quadrature integration, At
each integration point it is necessary only to compute the altitude of the satellite,
and evaluate the density of the atmosphere from any atmosphere model. The
ROAD program currenily uses either the Jacchia 1968 or 1971 atmosphere
models [Diamante and Der, 1972]. |

The element rates are computed using the Gaussian form of the equations
of motion, which is expressed in terms of radial (F ), transverse (F, ), and

normal forces (E ). The drag force is the usual simple model:

where
C, is the satellite drag coefficient
A is the projected éross—sectional area of the satellite normal to ir'r
m is the mass of the satellite
o is the demsity of the atmosphere at the satellite position, and
v, is the velocity vector of the satellite relative to the atmosphere.
The most significant problem in computing the correct drag is the

calculation of an accurate spheroid height of the satellite. This is done on the

10



osculating J, perturbed orbit over which the drag is averaged. The formula used
was developed in Kozai, 1959 and modified to use the mean semi-major axis
ingtead of his "geometric" semi-major axis. That is:

‘ 2 )
&r:Jz—e (1——31-3'11'12 I)
2p7 2

|:1 +-1—(1-V1—e3) cosf+——2—r-—ZI
€ a/1 - &2

‘a2
J2 ae

4p

.i.

sin? I [cos 2 (w+ f)

9

4

sinfsin?w:l \
1-e2

where p = a(l - e?) and f is the true anomaly.

Thus the satellite's radius vector has magnitude r + Ar where r is computed from
the two-body formula.
The spheroid height is then obtained 'by subtracting the spheroid radius of

the Earth at the latitude under consideré.ﬁon:
Riaren = 2 I:l - (f +-g—f2) sin? ¢ 4--%-f2 sint qb':l .

where in this particular formula,
f is the flattening of the Earth, and

' is the satellite's geocentric latitude.

11



The atmosphere is assumed fo rotate with the Earth. The rotation rate of
the Earth resolves into a component (¢, cos I) normal to the orbit and a component

(é? sin I) perpendicular fo the angular momentum vector, E, of the satellite, which

e

is perpendicular to the vector, N, pointing toward the ascending node.

The satellite's velocity vector is given by
T=(r, rf 0

in radial, transverse (or circumferential), and normal components, where T is
the satellite's pogition vector.

The relative velocity vector is then

V,=[r, T f-Qe rcos I, 6'?% rsinI cos (w+ f)] .

From the vis viva or energy integral,

?%: i_'g + r2 %-2 = (_%_..':[._)
a
Also, the angular momentum h is given by

h=r2f=Vira(l-ey.

Hence:

V’;’:'u, (—?——}—)._2_}1 é COSI
r a T €

+ c-?e t? [cos? I + sin? [ cos? (w+ D)].
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This last formula is usedto compute the magnitude of the relative velocity vector.
The Gaussian form of the variation equations for the perturbations: of the.

Kepler elements are:

2
2:28 [F, esin f +F (1 + e cos f)]

2.9.;2. F sinf+F Cosf+M

dt o r -t 1 +ecosf,
%%:]—i-ancos(w+f)

dN_1 TrF,

Tt h Tind sin (w + )

.3_‘:.:9—}1; (-Fr cos f + F, (1 +_r_) sin f) —--:-—I;lcosl

P

dM_}.L(l-—ez)l"lz . dW_ dN . 241/ 2 2r - 241/ 2
R - dt+dtCOSI) (1 -eH¥ - F -y n

For the drag case being considered: - T T S A LA PR

F, = -F, l:_.

B YL e - F W - T .
L K ¢ S A Tk I U
S . A A L A SR A ST

= - Fd (r f:'— 96 r-cos By s R

o
t

= ~F, (é;rsinlcos (w + £)

oy
'
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Using the usual two body formulae for relating Kepler variables, the element

rates are simplified to:

9_5:_2321? 1+Ez+2t=:c:c>sf__pﬁecc"SI
dt d P h

- g, 1?2 cos I .
E.E:-Fd [2e+2cosf-—i———--——-(ecoszf+2cosf+e):l
dt h
d Fa . .
a—%:—-ﬁd—- [r2 8, sin (I) cos? (w+ )]

- F ..

%E:-z drzéi'esin(\.‘.w-f)ccrs(w+f)
dw_ T [2-9"1'-2-—99—5—1(2 cosf] inf-~2Ncosy
= - A h + e I sin -dtcos
dM dw dN 2eFyr
ahm_ 1-enyir2| £ _C¥W _ HN —i .
dt. oD [ha qt qeoos it sinf

These equations are now averaged over one revolution in True Anomaly to ob-

tain the mean element rates which are added (on option) to the other rates used
in the ROAD integrator. This averaging is done numerieally by a 9 point Gauss
quadrature method with the middle point placed at perigee to insure an accurate

computation of the maximum drag.
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Radiation Pressure Effects

The scheme used to calculate the long-periodic radiation pressure effects
is that given mli_a_nl;é,_ 1962. He noteé that for a satgllite entirely in sunlight, a
qugsi-potentiq.l (for the orbit averaged disturbance) can be developed for radia~
tion pressure. Kaﬂa's quési-potential is used ag is in t1_1e Lagrange Planetary
equations for sunlight conditions, However, if a shadow is present, an integra-
tion of the derivatives of the full potential from exit point to entry péint is
made to obtain the orbit-averaged disturbance. The values of the eccentric
anomaly at these points are obtained by solution of the quartic equation given in
Kaula's paper. The satellite is assumed to be spherical, and the earth's shadow
cylindrical. The radiation force f_(actually, the aéceleratiun) is given as (1/C)
(A/M) C, where I is the Solar Flux in space (1.37 x 10° erg/cmz-sec) and C is
the velocity of light. Tﬁe original subroutine for these effects in ROAD waé
supplied by Bernard Chovitz [B. Chovitz, Personnal Communication, 1970},

For a shadowless orbit, the long-term (brbit averaged) potential is as given

in Kaula, 1962:
R=- f (3ae/2) [c$s2 (1/2) sin? (e/2) cos (w + N-+ No) -
+ cos? (I'_/z) coszvv(IE/Z) cos (;v +N=A)
+sin? (1/2) cos? (/2) cos (w~ N + M)
-1/2sin I sine¢ cos (w4 )+ 1/2 sin I sin € cos ('w—-}\c;))}-,

where € and A are the inclination of the ecliptic ( 23.46°) and the sun's true

longitude. ‘
15 : ' : E



The derivatives of the quasi-potential with respect to the orbit elements are

then used in the standard form of the Lagrange equations, (2), to form the

alement rates from the radiation pressure for the shadowless orbit.

" For the shadowed orbif', the loﬁg term, orbit averaged, derivatives are given

in terms of the exit and entry eccentric anomalies, E0 and E,, as:

K [:((1 + ez) sin E1 -—3—;3,\.E1 -%sin 2'12,1 - (1 + ez) SinEo +%e'E0

2R I
a 2w
+—-Z—-sin 2 -Eo) "‘Ru + (-:F";-\/l_t_&E cos 2E, - /1= e? cos E,
| __:./-TT?: c:os'v2 E, + /1 - €2 cos EOI) R12jl
o R

e

as

3

3 . , . )
= 5,_;- [R“ (-—EE1 +esink, +21:Sln 2E1 4——2-E0 - 51nED --}‘-5111 2Eu)

+R12 ( 1 ‘ (e cosEl'__}Icos2E1—ecos E0 +71‘-C052E0)>—|

2R _ &
(N, I, wy 2w

3R,
(1, 0, 0) . q

er_I
oM

Ql

a
27
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~ ™
'%EE+(1 + e2) sinE--Z—sin’_?E

-/1 - e? c:osE+-{_e‘—|/1—e2 cos 2E

—— [R,, (cos E, -cos E)) + R, /1 - e? (sinEy - sin EO)]-,



where gsq Ais a rotation mafrix relating the position of the satellite in an orbital
plane coordinate system to its position with respect to a coordinate system point-

ing at the sun. R__ is defined as the successive rotations:

R, (Ao ) R, ()R, (= N)'R, (= I)"R, (= w),

where,

1 0 0
R, (x)=< 0 cos x sinx p, and
0 -sinx cos X
cos X' sinx O
R, (x) = - sinx cosx Q.

0 0 1
R;;and R, are elements of R .

Prece's sion- and Nutation

':.[‘he effecte of preeession and nutation. .of the earth's-f)ole.r axis are ac-.-;r -
counfed forinl ROAD by maiﬁtainilrg the i-r.tegration in aninertla.l s.yster:’r with |
respect to the equmox and true equator at epoch (T E) ALl the forces are 1n1t1a,11y
calculated ina system referred to the equmox and true equator of date (TD),
correspondmg to the observed data. The forces (actually the Kepler rates) are
then rotated (by a precessmn—nuta.tmn matrxx) to refer to the TE system Where

the integration proceeds. The integrated state is rotated back to the TD system

17



at the end of each integration step for calculation of new rates. The chain of

rotations actually used to obtain the rates in the TE system is:

dSp (3% 3%p P%p) 4%y
dt (aszTE 3%y aETD) dt ’

where X is the cartesian position-velocity vector corresponding to the Kep}er
elements s in the indicated coordinate system. The matrix 3x/ 38 is documented
on page 68 of Kaula's book [Kaula, 1966]. The precession-nutation matrix

3K /9%, is described in volume I of the GEODYN Documentation, (Sept. 30,
1972, Goddard Space Flight Center NAS-5-11735 Mod. 65, PCN 550W-72416) and
provides for Simon Newcomb's description of the precession and Edgar Woolard's

nutation,

Solar and Lunar Tides

The ROAD program treats the tidal perturbations in a manner analogous to
all other gravitational perturbations. The potential is expanded in terms of
Kepler elements, and the long periodic terms only are selected for differentiation
in the computation of the Kepler element rates from the standard form of the
Lagrange equations (2}, The form of the potential is due to Kaula [Kaula, -1969],
and includes provision for latitxlde dependent tidal amplitudes (Love numbers)
and phase lags (of the potential bulge from thé 3rd body-earth line).

The potential that is used in ROAD is equation (22) in Kaula, 1969:

18



+
akl

' Z Kﬂmpq(“ai) Fimj (D G 2510 () Qg

k even k even

cos _ -sin
ey + (kg e,

(- 1)® sin (- 1™ cos

% odd k odd

[

* R
v, . . - ¥
kmj(2j ~k) V’ﬁmpq]’

The subscripted k's are the lqve number's and the €'s are the phase lags of the
tidal potential, In the above potential, no short period effects (in the satellite's
mean anomaly) are considered. Both K 2m0q and Q 2mpc; terms (the dominant ones

for a distant 3rd body; £ = 2) are defined in tables II and I of Kaula's 1969 paper.

The F and G functions are the usual ones for satellite orbits defined in Kaula's

book [Kaula, 1966]. The latitude dependence of the love number k ¢ 18 defined by

k{: Z k,{ih P, (sin ¢y,
h .

and the phase lag € £ mp by

T Z én (tmp 9 P (sin @)

n

where the P's a.ré the ordinary Legendre polynomials. The quantity (kp €) 1s

the sum

19



k;ﬁh Z € ansm'

The longitude arguments are:

vkmj(.?i-k) _V’Empq: [(k ~27) w+mN) - [{'213) w* +('€- 2p + QYM* § w N7,

where the starred elements belong to the 3rd body.

Element Secular Rates and Accelerations

The ROAD program also can include the effect of up to 5 arbitrary element
rates and accelerations (derivatives) of the six initial Kepler elements [E] of
each arc. Thus, the elements E at time t are expanded in a Taylor series in the

arbitrary derivatives El  at the epoch time t,:

S (t - t)"

E(ty= —

£ (¢
n=0¢

In addition, the program can propagate a constant bias in each are of semi-major

axis observations, to satisfy the equation:

a (OBSERVED) = a (CALCULATED) + a (BIAS).

This bias is often needed to account for the different definitions of the mean

semi-major axis between ROAD and the observations used.
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ORBIT AND GEODETIC PARAMETER ESTIMATION

‘The logic of ROAD in its estimation (or differential correction) mode follows
the (now universally used) scheme o.f partitioned normals [Kaula,' 1966]; Param-
eters are separated into "arc” parameters; that is, paratieters unigue to each
orbital are, 'éﬁa.éb.mmﬁn péiﬂéfers, or pai‘azﬁéters cominon to all orbit arcs.
Ina multl—arc solution with éoxﬁmoﬁ parameters, the common parameter matrix
is first S“(;I\'red: and then the arc matrices are successively solved by back~
substitution,

Of course parameter and orbit estimation requires pa.r‘i:ialider'ivativés . In
ROAD these ar'é bbt'é.iné‘d by numerically iutég‘rai::infg variational -equéltion.s. The

equations of motion have the form
ds . Lo R
. ET = € f (a, e, 1, N: W, M! t)

where s is an array _Kepler _elements‘, and ¢ is a parameter to be estimated. Thus
formatiop ‘,orf the variational equations is elementary.,_’l‘he rigorous variational

equation for a parameter ¢ that is numerically integrated is:

o ffds\| . d. (3s)_ -

) \ - -a‘s:
+€E 2f 2%
A §. o€,

1
1
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However, because of the small interaction of effects, the second term on the right
hand side is ignored for radiation pressure, Earth tides, and even drag parameter
estimation.

In parameter estimation the ROAD program utilizes a Baysian least
squares scheme; i.e., a-priori information is required on all adjusted param-
eters. Howevelr the program accepts only a-priori standard deviations. No
covariances are allowed (they are assumed to be zero), In ROAD, a-—ﬁriori
information is used to control the conditioning of a problem and also the amount
by which parameters are allowsd to adjust. But because the full covariances

information is not given, this adjustment control is not always rigorous.

RESULTS AND CALIBRATIONS
The ROAD program has undergone extensive calibration on long ares of
simulated osculating element data in the course of its development [i.e., Wagner,

Putney and Fisher, 1970 and Gulon, Lynn and Lynn, 1970 L While these

calibration resuits have generally been successful they point up the need

for accurate osculating to mean element conversion when ROAD operates in its
rapid mean element mode, Since the most accurate observed elements 011 real
orbits are osculating (i.e.; derived by numerical integration from complete force
models), the availability of a good converter is not just academic. The results
ﬁresented here (on both real and simulated data) were obtained with the use of a

combined analytic~numerical converter discussed in Douglas, Marsh and Mullins,
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1972. Previous ROAD preprocessing of osculating elements [Wagner, 1972]
removed short period effects using the analytic theory of Brouwer, 1959, The
new method first removes analytically all short period effects due to the geo-
potential through (4, 4) ‘[Kaulla, 19661, 'fhe remaining effects are averaged
nu;merically over an orbit revolution with respect to a seculérly precessing
elIiﬁse. |

' . The satellites used for the real dafa calibration were GEQS-1, GEOS-2,
and PEOLE., GEOS 1 has a near critical inclination, é,-nd so experiences rather
large perturbations from odd zonal harmonics. ' The orbit is also slightly eccen-
tric (e = 0.07) so that radiation pressure perturbafions are important. Drag,
although very small, is detectible.

GEOS-2 has a more nearly circular orbit than GEOS-1, and is thus reia-
tively much less affected by radiation pressure, However, the high (106°) in-.
clination of the orbit causes a slow node rate (036/day) and resulting large tidal
perturbations exceeding 10 arc seconds in the inclination and 30 arc seconds in
the node.

PEOLE is a low inclination (159, low perigée satellite with rapid node and
perigee rates., Drag is very high, the sezﬁi-major axis decaying about 30 m per
day. Al of these satellites are significantly perturbed by the sun, moon, and
the effects of precession and nutation. |

The orbit of PEOPLE is a good test of the ability of ROAD to represent

properly the effects of atmospheric drag. Figure 1 shows the observed and

23



computed semi-major axes of PEOLE obtained from a ROAD orbit determination.
The time covered is the year 1971. The mean elements were determined from 4
day orbital ares of minitrack and laser data as part of the International Satellite
Geodesy Experiment (ISAGEX) [Marsh, Douglas and Klosko, 1971]. Note the
close agreement of observed and computed elements using the Jacchia 1968
model atmosphere. Subtle variations are visible and are properly modeled.*

The overall error for the year is only ahout 5%, and appears to be long-periodic.
It is suspected that the Jacchia atmosphere of 1968 may have an error in the
semi-annuzl variation .of density, so a small unmodeled variation is not
surprising (see also Wagner, 1972).

Figure 2 shows the mean eccentricity of PEOLE, also obtained from the
ISAGEX data. The periodic variation due to the odd zonal harmonics is clearly
visible, as is the secular decrease due to drag. Figure 3 shows the residual
eccentricity with drag modeled as above and zonal harmonics from the SAO

1969 Standard Earth [Gaposchkin and Lambeck, 1970]. Note that drag effects

are removed essentially perfectly (the residuals have no clear secular trends)
but a residual odd zonal harmonic effect remains. Since the SAO 1969 zonal
harmonics included no low inclination satellites, such a residual effect is to be
anticipated., To verify that this is not due to error in ROAD, the eccentricity of
PEOLE was obtained from a complete '"Cowell'"-type, numerical integration

of the geopotential to (4, 4). Mean elements were then prepared from

* Where observed and computed points are coincident, only the observed is printed.
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this trajectory by the method in Douglas, Marsh, and Mulling (1972). Figure 4

shows the variation in eccentricity produced by C 3.0 (predominantly) and Figure 5
. shows the ROAD-fit-to this data using the same value of Cs“o. The residuals ap-
-pear random and have an rms of only 0.1% of the amplitude of the sccentricity -
variation shown in- Figure 4,

GEOS-1 offers- a good opportunity to study the ROAD radiation pressure
model. Drag is small for GEOS-1 .(!eut not negligible). Resonance produces a
small, significant effect, but with a period ‘of less than a week. Because of the

-substantial eccentricity of the orbit, radiat_ion pressure causes tue dominant- -
-perturbation of the semi-major axis during orbit shadow periods.. Fluctuations
of 5~15 meters over several months are typical. These can be studied in _detail
because very accurate mean elements for GEOS-1 are available. The mea_n

elements obtained in Douglas, Marsh, and Mulling (1972) from 2 day orbital -

arcs of optical data have al--precision of 25 cm in the semi-major axis (see
figure-6).

The decay of semi-major axis of GEOS 1, due to drag,- amounts to 5-10 m per
year and is most readily seen during a no~-shadow period, such as July-August
1966 Because of these mgnifica.nt drag effects, it was found necessary to ac-
count for both drag and radiation pressure perturbations on GEOS—I. B

The rad1at1on pressure model in ROAD does not 1nclude the Earth Albedo
effect. 'I'hus a small error in the modelmg of radLatlon pressure isrpossible. |

The period March 11 - May 15, 1966 on GEOS-1 has been studied intensiw.reljj,r for
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determination of tidal parameters where, of course, accurate modeling of radia-
tion pressure is essential, During this period the semi-major axis is perturbed
in a non-linear fashion by radiation pressure by about 5-6 meters, and in a linear
way from dragbyabout 60 cm, Figure 7 shows the residuals obtained in the mean
semi-major axis for this period by ROAD when C, and C; are adjusted to the
values C = 3.1, and Cy =1.52. The rms of the fit is less than 25 cm.

Another important test of ROAD concerns Earth tides. Figure 8 shows the
residuals in the inclination of GEOS 2 over a 600 day period with respect to mean
elements obtained from 2 day arcs of optical tracking data, Earth tides were not
modeled in obtaining these residuals. Note a long period unmodeled perturbation
of amplitude 5" in the inclination. Figure 9 shows the results with the Love
number k, = 0.30 modeled in ROAD, The residuals are aimost random. This
value of k, also substantially explains a similar, substantial, solar tidal effect
(of the same long period) in the node of GEOS 2. This value of the Love number
is in reasonable agreement with values derived from other orbits which range

from 0.25 to 0.35. [Kaula, 1969 .

SUMMARY
The ROAD program can efficiently analyze long arcs of mean elements for a
wide variety of geodetic effects. Since 1969, the program has been used extensively
to determine and evaluate both resonant and zonal geopotential harmonics from
a large number of orbits. It has also been used to investigate possible variations

in low order earth-gravity "constants" (Wagner, 19731,
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Currently, the program is also being used at Goddard Space Flight Center to
study the time varying geopotential due to sun and moon induced earth tides,
through their effects on a large number of well tracked satellite orbits

[Douglas and Marsh, 1973]".
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Figure 1. The Semi-major Axes of PEOLE Obtained From a Road Orbit Defermination.
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